Objectives: Recent reports suggest that specific care strategies improve survival of infants with congenital diaphragmatic hernia (CDH). This review presents details of care from centers reporting high rates of survival among CDH infants.
Introduction
Congenital diaphragmatic hernia (CDH) is a rare malformation observed in approximately 1 in 3000 live births, with estimates of postnatal survival ranging from 50 to 70% despite advances in neonatal care. 1 The combination of pathophysiologic derangements associated with CDH, including lung hypoplasia, lung dysmaturity and pulmonary hypertension (PPHN), requires a multidisciplinary approach to care. 2, 3 The complex nature of clinical management and the relatively infrequent presentation of infants with this rare malformation to single centers has lead to difficulty identifying consistent strategies for CDH management. A recent report from the Canadian Neonatal Research Network indicates better than predicted survival in Network centers, with significant improvement in the higher mortality odds strata, and 90% survival in the three centers that cared for at least 12 infants over a 22-month period. Details of management strategies are not provided, but the report suggests that survival is best achieved by caring for CDH infants at centers that have developed a standardized approach to care, with adequate numbers of CDH infants to develop expertise. 4 Literature review reveals a limited number of controlled clinical trials examining interventions that improve survival of infants with CDH; [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] however, several centers reporting relatively high rates of survival for CDH have described their management strategies in varying detail. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The objective of this report is to provide clinicians with a summary of specific details of clinical care strategies from these 'benchmark' centers. In the absence of clinical trials, this summary of practice strategies provides a starting point for development of an approach to care for infants with CDH.
Study Design Search strategy
We conducted a systematic review of the pediatric literature to identify intensive care strategies associated with improved survival among infants with CDH. We performed a MEDLINE search of all clinical reports and a review of articles published between January 1995 and December 2006, using the MeSH search terms 'diaphragmatic hernia' and 'newborns', restricting the search to human subjects and reports in English. We also reviewed all available citations in the Cochrane Central Register of Controlled Trials.
Selection criteria
Reports with X20 CDH infants were included if they reported survival for isolated CDH (without other identified defects) or all infants with CDH (including those with anomalies) X75%, and included a detailed description of at least one clinical care strategy concordant with the reported survival >75%. One center included in this report is a non-ECMO center, which may have impacted clinical care strategy and/or outcomes. 16 Quality of included studies Our search identified retrospective, single-center case series or case vs historical control comparisons, raising the possibility of both selection and performance bias. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The improvement in outcomes noted in reports comparing serial epochs are accompanied by reports of changes in clinical practice. Details of various practices (specifics of antenatal care, ventilation strategy, PPHN management strategy and use of ECMO) were not uniformly recorded in all studies.
Data collection and analysis
The primary measures considered were survival and use of ECMO. The secondary measures considered included specific descriptions of aspects of clinical management, including antenatal care, early postnatal care, management of PPHN, use of inhaled nitric oxide (iNO), use of sedation and analgesia, and timing of surgery. In order to detect trends in each of these aspects of clinical practice, the rationale and the frequency of the cited practice strategy was recorded and analyzed.
Results
We identified 13 reports from 11 centers. Outcomes and practices at each center are summarized in Tables 1 to 7 . There are two reports from each of two centers, Columbia University Hospitals in New York and Children's Hospital/Harvard University in Boston. While there is no overlap in the reports from the Boston group, there is a small overlap in the outcomes reports from the Columbia group (August 1992 through December 1995). 15, 17, 25, 26 This overlap was not considered in the analysis, as data could not be appropriately extracted from the reports and omission of either or both of the reports seemed inappropriate.
Survival
Our analysis considered survival from the most recent epoch at each center as the basis for identifying successful practice strategies. The 13 reports included 763 infants with symptomatic CDH. Overall survival for the combined reports was 603/763 (79%; range: 69 to 93%). Survival for isolated CDH for the successful centers was 560/661 (85%; range: 78 to 96%). [15] [16] [17] [18] [19] [20] [22] [23] [24] [25] 27 Reported survival for isolated CDH using conventional medical management, excluding ECMO but including high-frequency ventilation was 331/367 (90%; range: 83 to 100%). The frequency of ECMO use for isolated CDH was 251/622 (40%; range: 11 to 61%), and overall survival for infants with isolated CDH placed on ECMO was 149/206 (73%; range: 33 to 86%; Table 1 ). Most of the successful centers adopted a strategy of 'gentle ventilation' or 'permissive hypercapnia'. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Mortality was generally attributed to the presence of additional anomalies, iatrogenic lung injury, severe pulmonary hypoplasia and/or PPHN, and bleeding complications (among ECMO-treated infants). One report suggested that after excluding CDH infants with additional anomalies, 'hopeless pulmonary hypoplasia' occurred in no more than 15% of isolated CDH infants. 25 Clinical care strategies Antenatal diagnosis and management. Among centers reporting antenatal care, 354/630 CDH infants (56%) were prenatally diagnosed, and 247 of 763 infants (33%) were inborn. [15] [16] [17] [18] [20] [21] [22] [23] 25, 27 Reports varied on whether or not prenatal diagnosis or site of delivery was reported or associated with improved survival, but the combined reports suggest that delivery at a tertiary center was beneficial. For most centers, survival increased for both inborns and prenatally diagnosed infants in the most recent epoch of care. High-risk infants, infants with additional congenital anomalies and infants with an early prenatal diagnosis were often inborn. [16] [17] [18] 23 Overall, the data suggest that infants with a prenatal diagnosis had a better chance of survival if they were born in a tertiary center (Table 2) .
Histology consistent with lung immaturity has suggested a possible therapeutic role for prenatal glucocorticoids after 34 weeks postmenstrual age, and animal studies have supported this hypothesis. [28] [29] [30] [31] Only 3 of the 11 identified successful centers routinely used antenatal steroids after 34 weeks gestation, with no clear benefit. 18, 20, 27 A recent report from the CDH Study Group examining the role of antenatal steroids did not support their use for fetuses with CDH. 32 Antenatal care also includes consideration of possible fetal interventions. Reports identified in this review did not include maternal-fetal surgery as part of antenatal care. Although animal models suggest that tracheal occlusion may improve pulmonary function, clinical trials have not demonstrated efficacy. 6,33 -35 Surfactant. Animal studies and human clinical trials suggest that infants with CDH may have surfactant deficiency, and surfactant composition may be altered. [36] [37] [38] [39] [40] Some centers initiated surfactant therapy in the first few hours of life, while others used surfactant only as a rescue therapy for the most severely affected infants with evidence of surfactant deficiency (Table 3) . 18, 21, 22, 27 Somaschini et al. 22 used surfactant on 12 of 28 infants, with only four responders, while Osiovich 27 used surfactant in 47 of 59 infants (80%), with no comment on response to therapy.
Finer et al. 18 noted occasional sudden, irreversible deterioration of CDH infants given a bolus of surfactant, necessitating emergent use of ECMO; the slow administration of surfactant is recommended to avoid such complications. When combined, these reports seem to agree with a recent report by Van Meurs 41 suggesting that Infants with a prenatal diagnosis had better survival if they were born at a tertiary center. 2 infants in the survivor group had congenital heart anomalies (VSD and double outlet right ventricle+VSD). These numbers do not include data from the entire cohort. Reflects inborn and prenatal diagnosis data available in reports Abbreviations: CDH, congenital diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation; NA, not applicable; PIPs, peak inspiratory pressures. Finer et al. 18 suggested that limiting PIPs meant accepting lower PaO 2 levels, particularly in the first few hours of life, and that this required a 'change in mindset' on the part of the clinician. Finer's group attributed a decreased incidence of pneumothorax in their most recent epoch to this approach to care. Boloker et al. 17 reported that no inborn survivor required a PIP greater than 25 cm H 2 O, and 66% of the outborn deaths used PIP >25 cm H 2 O. Other centers used higher PIPs or MAPs and still demonstrated high overall survival. 19, 25, 27 These findings suggest that setting consistent limits for PIP and duration of high MAP is a reasonable approach to CDH management, but there appears to be no absolute 'magic number'. Frenckner (1990 Frenckner ( -1995 Adjust settings to maintain postductal SaO 2 >90% Kays (1992 Kays ( -1998 Start at 6 h of life. FiO 2 weaned with goal of maintaining postductal SaO 2 >97%. For non-ideal patients, tolerated marginal gas exchange Osiovich (1993 Osiovich ( -1999 CMV used as initial therapy. A strategy of gentle ventilation with low peak inspiratory pressure and permissive hypercapnia was used. Details not specified Reyes (1993 Reyes ( -1995 Adjust settings to maintain PaCO 2 in normal range, adequate lung volumes (8 ribs by X-ray) and acceptable blood gases Somaschini (1994 Somaschini ( -1998 HFOV (parameters Table 3 ). Switch to conventional ventilation when FiO 2 was <0. 30 Ssemakula (1985 30 Ssemakula ( -1996 17, 20, 25, 26 In the most recent report, Bagolan et al. 16 used HFOV once PIPs were >24 cm H 2 O and sought a hypercapneic state. Two centers demonstrated success using HFOV as initial therapy. 21, 22 Reyes et al. 21 reported HFOV settings that achieved optimal lung volume, defined as eight-rib expansion on chest X-ray. 43 Osiovich 27 mentioned HFOV as therapy for hypercapnia, but did not explicitly mention the use of HFOV as a rescue for poor oxygenation. While duration of high MAPs was not explicitly addressed in these reports, the combined reports seem to support the judicious use of HFOV, particularly in those infants requiring higher PIPs with CMV (Table 3) . A previous report demonstrated poor survival despite the use of HFOV; however, since adopting a lung-protective strategy without intentional hyperventilation, this center has noted improved survival with a protocol that includes HFOV.
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Blood gas parameters. Along with pressure limit guidelines, some centers set 'ideal' blood gas parameters. If initial ventilator settings failed to achieve ideal blood gases, another 'acceptable' standard for blood gases was chosen. [16] [17] [18] [19] [20] 26 If 'acceptable' results were not achieved, patients were switched to high-frequency ventilation (Table 3) . [16] [17] [18] [19] [20] 25, 26 Finer et al. 18 suggested that early hypoxemia (preductal O 2 saturations (SaO 2 ) as low as 70% in the first 2 h) can slowly improve without ventilator changes as long as one is paying attention to maintenance of blood pressure, tissue perfusion and sedation. Bagolan et al. 16 allowed preductal SaO 2 as low as 70% in the first two hours, but required improvement from 70 to 85% SaO 2 in the subsequent 2 h. A pH greater than 7.25 and PaCO 2 60 to 65 torr was 'acceptable' and served as indirect measures of acceptable tissue perfusion and ventilation. Similarly, Osiovich 27 considered a PaCO 2 <65 torr 'acceptable' and did not escalate respiratory support for PaCO 2 in this range. Osiovich 27 also used the calculated OI as a decision point for using additional therapy (iNO) given the high ventilator cost of oxygenation. Boloker et al. 17 considered the potential toxicity of oxygen and maintained 'ideal' preductal SaO 2 90 to 95%, but weaned FiO 2 to maintain an SaO 2 as low as 80% provided there was evidence of good end-organ function. Similarly, Kays et al. 20 allowed postductal SaO 2 as low as 60% (PaO 2 as low as 30 torr), as long as preductal SaO 2 was >85%, PaCO 2 <65 torr, and there was evidence of adequate postductal tissue perfusion. Most centers defined adequate postductal tissue perfusion as some combination of pH, serum lactate levels and urine output (Table 4) .
Pulmonary hypertension management Blood pressure management. With the wide spectrum of physiologic states noted in infants with CDH, the underlying pulmonary vascular and cardiac derangements may change significantly during the early postnatal course. PPHN is defined in one report as a peak pulmonary artery (PA) pressure to systemic 21 Several centers largely ignored postductal SaO 2 , and followed only 'acceptable' preductal SaO 2 and postductal pH, as well as other clinical measures of postductal perfusion. 16,18 -20,25,26 While none of the reports described aggressive efforts to override right-to-left shunt by increasing systemic vascular resistance, several centers offer guidance on blood pressure management for CDH patients with PPHN, with use of inotropic support (dopamine, dobutamine or epinephrine) described in six reports. 16,18,20,24 -26 Among these, maintaining mean blood pressure >40 torr was common. One center maintained mean blood pressure >50 torr, as long as there was evidence of good tissue perfusion, such as good capillary refill, adequate urine output and normal serum lactic acid levels (Table 5) . 18 Inhaled nitric oxide. The successful centers report variable practice and outcome with iNO (Table 5) . 16,17,19 -22 Bagolan et al. 16 used iNO to treat PPHN for a pre-and postductal oxygen saturation difference greater than 5% or refractory preductal hypoxemia, while other centers used iNO only for 'refractory hypoxemia'; many of these patients went on to require ECMO. [19] [20] [21] 27 Wilson et al., 25 in their most recent epoch, aggressively treated intrapulmonary shunt using iNO with good results. 15 Osiovich 27 initiated a trial of iNO at 20 parts per million for all infants with an OI >25. This center suggested at least some reduction in the need for ECMO, but offered that the response in CDH infants is less predictable than that in infants with classic PPHN associated with meconium aspiration syndrome. 27 Although there may be short-term benefit from the selective use of iNO, the routine use of iNO for all CDH infants is not supported by results from successful centers. 11, 46, 47 Furthermore, meta-analysis of randomized clinical trials evaluating the rescue use of iNO in neonates with CDH suggests that iNO may be associated with worse outcomes (that is, higher rates of ECMO use or death). 48 Sedation, paralysis and environment. Most successful centers reported maintenance of a minimal stimulation environment with a wide range of sedation practice, from deep sedation and paralysis to light sedation and use of pre-and postoperative epidural anesthesia. 16,18,20,22,25 -27 The trend noted in these reports is the use of narcotic analgesia and avoidance of paralysis.
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Timing of repair. In the majority of successful centers, surgeons delayed repair until physiologic stabilization and improvement in PPHN. A few groups reported repair in the first few days, regardless of shunt state, and repaired on ECMO if necessary. 20, [23] [24] [25] 27 None of the centers emergently repaired the defect. Wung et al. 26 described an evolution of care, in which the earliest patients were treated with early repair and prophylactic chest tube, and a more recent epoch with delayed repair and no chest tube, noting concurrent improvement in survival. Bagolan et al. 16 and Boloker et al. specifically noted avoidance of chest tubes, while Kays et al. 20 attributed their center's improved survival in Era 3 for using postoperative chest tubes placed in water seal. The trend of these reports supports surgical repair on stable patients, whether on or off ECMO, with minimal or no PPHN. Questions regarding the use of chest tubes, repair on or off ECMO and benefits of various options for surgical reconstruction for large defects remain unanswered. Criteria and timing for surgical repair are itemized by center report in Table 6 . [18] [19] [20] 22, 23, 25, 27 Several centers made ECMO decisions based on evidence of poor systemic perfusion, non-reassuring blood gases, intolerable ventilator parameters or rising serum lactates (Table 7) . 17, 20, 21, 26 Some centers only considered ECMO in infants that met well-defined criteria, including evidence of adequate lung parenchyma for postnatal survival, suggested by at least a brief period of adequate preductal oxygenation and/or ventilation (that is, PaCO 2 <50). 17, 26 Finer et al. 18 considered ECMO for infants with three OIs >40 (within 2 h) while maintaining MAP>18 cm H 2 O. Osiovich 27 used the same criteria and considered an OI >40 on three consecutive blood gas measurements a failure of conventional therapy (highfrequency ventilation included) necessitating the need for ECMO.
Kays et al.'s 20 use of ECMO decreased slightly with adoption of lung-sparing strategies, from 50% (7/14) in Era 2 (1988 Era 2 ( -to 1992 to 39% (23/59) in Era III (1992 to present), the lung-sparing era. However, ECMO survival improved significantly in the same center, from 28% (2/7) in Era 2 to 83% (19/23) 25 demonstrated improving survival concurrent with increased ECMO use from 48 to 71%, increased ECMO run times from 132±21 to 220±21 h, and increased survival after instituting a lung-sparing strategy and surgery on ECMO with amino-caproic acid (to minimize hemorrhagic complications). Subsequently, this group has reported decreased ECMO use (14/39, 36%) and a consistently high survival rate (36/39). 15 
Discussion
The high survival rates reported by these centers suggests that instituting well-defined treatment guidelines, including lungsparing mechanical ventilation strategies and specific criteria for initiating ECMO, may lead to an increase in CDH survival. The details of these reports, however, identify a wide range for each aspect of care. Avoiding hyperventilation and minimizing lung injury by use of 'gentle ventilation', first advocated by Wung et al., 17, 26, 49 was common to most of these reports, but the range of PIP limits is wide. 16, 18, [20] [21] [22] 27 The reports also support the use of HFV, particularly in those infants requiring higher PIPs with CMV, but they do not provide definitive evidence that this is a life-saving strategy. [16] [17] [18] [19] [20] [21] [22] [25] [26] [27] [49] [50] [51] Clinicians may be reassured that nonideal blood gases, particularly postductal blood gases, may be tolerated as long as there is some evidence for adequate tissue perfusion. Furthermore, despite previous reports suggesting the futility of ECMO use, 52, 53 these reports, consistent with evidence from the CDH Study Group, suggest that some high-risk CDH infants may reach a threshold of supportive care at which ECMO may improve the chances of survival. 17,20,21,25 -27,54 These center reports also acknowledge several detrimental strategies in the care of CDH infants in previous eras. Many of these are cataloged in a clinical commentary by Bohn in 2002. 55 Among the most detrimental practices, targeting optimal blood gas values involved aggressive treatment of pulmonary hypertension via hyperventilation-induced alkalosis. This strategy attenuates rightto-left ductal and atrial shunting by decreasing pulmonary vascular resistance, but has been associated with significant ventilator-induced lung injury on clinicopathologic correlation. [56] [57] [58] [59] The use of high distending pressures to achieve 'ideal' oxygen saturations, particularly postductal oxygen saturations, is also acknowledged indirectly in these center reports as a strategy to avoid. Another historically important detrimental strategy is the treatment of CDH as a surgical emergency. The literature, including these combined reports, now supports the view that surgical repair of CDH should be performed on an elective basis, when the patient has been stabilized medically. 1, 60, 61 The improvements in survival noted in serial epochs of care at these centers supports the notion, particularly in infants with moderateto high-risk CDH, that these strategies are best avoided. While there is variation in reporting patterns, some consideration should be given to hidden mortality when evaluating CDH survival statistics, and it is important to acknowledge the potential for bias in reports with historical controls. Some of these center reports reflect a referral patient population exclusively, and population-based studies have demonstrated a hidden mortality associated with outborn CDH infants. 62 That being said, reporting patterns for centers with obstetric wards are also susceptible to biases, and population centers vary significantly with regard to prenatal diagnosis, termination rates and other factors that contribute to hidden mortality. 62 Referral-only centers had a combined survival for isolated CDH of 171/204 (84%), and centers that include both inborn and outborn CDH infants had a combined survival for isolated CDH of 390/457 (85%). In spite of these weaknesses, it is our view that the combined reports reflect a considerable improvement in survival over previous eras, and may provide an important tool for clinicians caring for these high-risk infants.
While several aspects of care are common among these centers' reports, their success may be due in part to identification of infants at greater risk, perhaps from timely selection of the appropriate support. We hypothesize that the increased survival noted in these centers represents improvement in a subpopulation of high-risk CDH infants, which in previous eras died from an overly aggressive ventilatory strategy or inadequate treatment of potentially treatable aspects of the underlying pathophysiology. Earlier reports suggest that as much as 25% of the observed mortality in CDH is due to potentially treatable aspects of the underlying pathophysiology. 47, 56, 57, 63, 64 Future investigations, either observational cohort studies or randomized clinical trials, should stratify analyses based on the categories of illness severity, including anatomic indices and physiologic responses to therapy, rather than simply 'isolated CDH' or 'CDH with other anomalies'. Determination of the appropriate therapies may be aided by the development of a 'supportive care grid', in which severity of illness and current level of cardio-respiratory support are plotted vs measures of cardiac performance, tissue perfusion and acid-base status. This approach may also aid in development of consistent indications for maintaining, escalating or weaning current therapies.
Other aspects of care not explicitly addressed in these center reports still deserve some mention here, as there are certain aspects of the pathophysiology of CDH that have just begun to be explored. Specifically, there appears to be a subpopulation of CDH infants that may be adequately ventilated (removal of excess CO 2 ), but still have impaired oxygen exchange. These infants have varying degrees of pulmonary hypertension that may lead to impaired cardiovascular performance over time. 65 Additionally, there is evidence that in a subset of CDH infants, cardiovascular function is impaired even in the first hours of life. [66] [67] [68] Some investigators speculate that, in this subgroup of CDH infants, 'unloading' the myocardium by maintaining patency of the ductus arteriosus may improve acute and chronic cardiopulmonary performance. 66 Future clinical trials may reveal that long-term CDH survival is improved not only by minimizing excessive use of distending pressures, but also by relieving right and left ventricular strain, and other strategies aimed at augmenting cardiac output. 55 Improving survival to consistently greater than 85% may be difficult, as there is still a subpopulation of CDH infants, preterm infants or infants with bilateral severe lung hypoplasia, which are not likely to benefit from any postnatal strategy. Some institutions have used best PaO 2 , OI and various ventilation indices for prognostication, and each of these methods have been used to determine the appropriate level of support. 69 In previous eras, these were used as 'targets' to be reached with escalating ventilatory support, to guide decision making. This approach has been largely abandoned because of mounting evidence that even brief periods of hyperventilation may do irreversible damage. 26, 49, [55] [56] [57] [58] The CDH Study Group has published a logistic regression equation that estimates the mortality risk in infants with CDH using parameters available in the first 5 min of life, including birth weight and APGAR scores. 54 Ideally, infants will be classified by both clinical and anatomic criteria, including such tools as the modified McGoon index (MMI). 70 The MMI, reflects (indirectly) the degree of lung hypolasia by indexing the PA diameters to the diameter of the aorta (MMI ¼ [PA1 þ PA2]/Ao). Combining an anatomic index with echocardiographic measures of PA pressure, cardiac function/perfusion and oxygenation (especially OI, which accounts for the ventilator cost of oxygenation) may allow the clinician to better categorize CDH infants based on mortality risk. 46, 70 Our interpretation of these reports is that consistency among providers within individual centers may be an essential element of successful CDH management. A consistent approach, with predetermined criteria for use of ECMO and an underlying 'protect the lung' strategy may be as important to the care of these infants as the specific medical interventions chosen. We agree with Finer et al. 18 that a consistent approach is facilitated by development of multidisciplinary standardized treatment guidelines, including input from neonatology, pediatric surgery, ECMO specialists and respiratory therapy. In the absence of much-needed multicenter randomized clinical trials to test specific aspects of the care for CDH infants, development of uniform practices within centers based on successful center reports, and monitoring consistency of practice and physiologic and neurodevelopmental outcomes, remain the best means of optimizing care for infants with CDH.
